Abstract-High-resolution measurements on the postarc current in vacuum circuit breakers (VCBs) reveal a period, immediately following current-zero, in which the voltage remains practically zero. The most widely used model for simulating the interaction between the postarc current with the electrical circuit lacks a proper explanation for this event, and hence, it needs to be complemented. We demonstrate that the breaker's electrical behavior during this zero-voltage period can be explained by using the theory of a Langmuir probe. Such probes are used to investigate plasma properties such as the ion density and the electron temperature, and we extrapolate its theory to the VCB. After the voltage-zero period, when the transient recovery voltage starts to rise, the breaker's electrical behavior is mainly determined by the expansion of an ionic space-charge sheath in front of the cathode. In addition to the current from the Langmuir probe model, the time change of the electric field inside the sheath gives a displacement current. Instead of solving the complicated plasma equations to find the displacement current, we use an approximation by simulating it with the aid of a voltage-dependent sheath capacitance. We programmed the model as a function block in Matlab's SimPowerSystems to facilitate its application in different electrical circuits.
I. INTRODUCTION
V ACUUM CIRCUIT breakers (VCBs) are devices in electrical power systems that interrupt short-circuit currents. They are most widely used in distribution systems with voltage levels up to 72.5 kV [1] , [2] . The current-interruption process in a VCB is done by a metal-vapor arc, which is more commonly known as a vacuum arc [3] . This arc appears as soon as the breaker's contacts separate, and it continues to exist until its energy input ceases. In ac circuits, such a moment occurs always at the power-frequency current zero.
The actual current interruption in a VCB occurs by means of arc extinction. Therefore, a thorough understanding of the arc is imperative for the development of new breakers. However, since direct measurement on the arc is difficult because, to maintain vacuum, these breakers are sealed for life; the only way information can be obtained is by indirect research. This entails investigating the performance of a VCB by measuring its electrical behavior.
When the arc extinguishes, it leaves a conductive plasma behind, making an electrical feature possible, which is called the postarc current. In VCBs, the characteristics of postarc currents are particularly distinctive, and since it might indicate the performance of the breaker, it has been investigated thoroughly in previous studies [4] - [9] .
Various models have been developed in the past for the simulation of the postarc processes that take place inside a VCB. Almost all of these models use the principle of the movement of charged particles under the influence of a transient recovery voltage (TRV), expressed in simplified equations [10] - [12] . With such a model, the postarc-circuit interaction can be simulated, and to some extent, the properties of the postarc plasma can be estimated, e.g., the initial ion density and its rate of decay.
Although the most widely used postarc current model (Andrews and Varey [13] , [14] ) simulates the electrical postarc behavior rather well, it has some limitations about its initial assumptions, one of which is explained in Section II. Moreover, it is our experience that this model requires special treatment to make it numerically stable, which complicates its application.
The previously stated problems lead to the conclusion that the postarc current model needs to be revised. Since we are mainly interested in the interaction of the breaker with the circuit, we try to avoid the complicated physics of plasma-sheath dynamics, and hence their considerable numerical efforts to solve the plasma equations, of which numerous examples can be found in the literature [15] - [17] . To summarize, the model should meet the following requirements: 1) numerically stable; 2) easy to solve; 3) easy to apply in any electrical circuit; 4) simulate the vacuum postarc's electrical behavior; 5) require a short list of parameters. Section II describes the problem of the existing postarc current model. Section III gives a solution for this. Section IV presents a way to model the postarc current accordingly. Section V discusses the validity of the model, and Section VI draws conclusions. found in [14] , [18] , and [19] . For the usual explanation of this phenomenon, the postarc current is divided into three phases, and for clarity, we describe these in the following.
II. VOLTAGE-ZERO PERIOD
During arcing, ions are launched from the cathode toward the anode. At current zero, the ions that are still present between the contacts continue to move toward the anode as a result of their inertia. Electrons are much lighter than ions, and it is assumed that they adapt their speed immediately to a change in the electric field. As a result, the electrons match their velocity with the ion velocity to compensate for the ion current at current zero.
We now enter phase 1. Immediately after current zero, the electrons reduce their velocity, and a net flux of positive charge arrives at the postarc cathode. This process continues until the electrons reverse their direction, and until this moment, the net charge inside the gap is zero. With no charge, we know from Poisson's equation that the voltage in this phase is zero.
As soon as the electrons reverse their direction, the postarc current enters its second phase. In this phase, the electrons move away from the cathode, leaving an ionic space-charge sheath behind. Now, the gap between the electrodes is not neutral anymore, and the circuit forces a TRV across it. This voltage is almost completely taken up by the sheath, which, contrary to the plasma, is not neutral.
The sheath continues to expand into the interelectrode gap until it reaches the new anode. At that moment, the postarc current reaches its third phase. The electrical current ceases, since all electrons have been removed from the gap. The process that determines the breaker's electrical behavior in this phase is explained in [20] .
Some phenomena can be explained with this model, but the voltage zero in the first phase remains a problem. If ions and electrons are indeed moving toward the postarc cathode in this phase, they leave behind an empty gap between the plasma and the new anode. By definition of the model, charge sources are absent after current zero; hence, no charge leaves the postarc anode to fill up this gap. This implies breaking the electrical connection between the plasma and the anode, and hence, a voltage should rise across the gap during this phase. However, our measurement, such as the one in Fig. 2 , clearly shows a voltagezero phase immediately following current zero. Apparently, this model should be complemented with an additional theory.
III. LANGMUIR PROBE THEORY APPLIED TO THE VCB
The voltage-zero period described in Section II can be explained when we take the thermal velocity of the particles into account. In that case, the pressure of electrons and ions causes the plasma to remain neutral in the voltage-zero phase. The breaker's electrical behavior then resembles that of a Langmuir probe, of which the relation between the current and voltage is known [21] - [23] . This facilitates the description for the voltage-zero period. For the application of this theory to the VCB, we start with a series of assumptions, some of which do not immediately apply to the actual situation.
First, consider the configuration of Fig. 3 . The electrodes are large and placed closely together, so we assume that the interelectrode properties only change in the direction perpendicular to them. This limits the problem to one dimension. We assume further that the plasma is stationary and equally distributed along the gap, and that all particles reaching an electrode are absorbed by it. The electron temperature is higher than the ion temperature, no collisions take place between particles in either the plasma or the sheaths, and finally, no new plasma is generated. The process of events following current zero is illustrated in Fig. 4 .
At t = 0, both the voltage across the gap and the current through the circuit are zero. Since their thermal energy is higher and their mass is lower, electrons have a higher thermal velocity than ions. Because of this, the flux of electrons at an electrode would be larger than the flux of ions, which results in an electrical current. However, since both electrodes experience the same flux in opposite direction, the current remains zero. An electric field in front of the electrodes repels the surplus of electrons to maintain a net charge flux of zero. This means that there is a potential difference between the plasma and the electrodes, which is mainly distributed across a small ionic space-charge sheath in front of the electrodes [see Fig. 4(a) ].
When the TRV starts to rise, the electric field in front of the cathode increases and repels more electrons. However, due to their temperature, a large amount of electrons can cross the electric field to reach the cathode. The change of the flux of charged particles at the contacts makes an electrical current possible, but because an abundance of electrons is still present in the cathodic sheath, the gap is still quasi-neutral, and as a result of Poisson's equation, the voltage across the gap remains low Fig. 4(b) .
As the TRV continues to increase, the electric field in front of the cathode repels more electrons, until eventually, it becomes too strong for any electron to reach the cathode. At this point, the current is limited to the flux of ions reaching the cathode Fig. 4(c) , and an increase in voltage would only lead to an increase of the cathodic sheath width in front of the cathode, whereas the ion saturation current remains constant.
To find the relation between the current and the voltage for the VCB in the voltage-zero period, we start by investigating the interaction between the plasma and one contact.
For the stability of the sheath, the electric field in front of a contact partly penetrates the quasi-neutral plasma. This field not only starts the deceleration of electrons, but it also accelerates ions into the direction of the sheath to velocities exceeding their thermal velocity. As a result, ions enter the sheath with Bohm velocity v B . Without further explanation on how v B is derived, we present its expression as [21] - [23] 
where k is the Boltzmann's constant, T e is the electron temperature, and m i is the ion mass. With v B , we can evaluate the ion saturation current as
where q i is the average ion charge, n i is the ion density at the plasma-sheath boundary, and A is the contact's surface area. When a Maxwellian distribution function is assumed for electrons at the plasma-sheath boundary, the electron current i e is found as
where J e,sat is the electron saturation current density, and V p is the voltage drop across the sheath. Similar to the ion saturation current, the electron saturation current is reached when a contact's potential becomes positive enough with respect to the plasma. In absolute values, it is much higher than the ion saturation current. In the configuration of Fig. 3 , the current i through the loop is equal at both contacts, hence
where the superscripts a and c refer to the anode and cathode, respectively. When we substitute i e in (4) 
We assumed that the contacts have equal size; hence, (5) can be simplified to
Equation (6) indicates that the total current is restricted to the ion saturation current at either one of the contacts. Hence, neither contact will experience the much higher electron saturation current in this model.
Next, we compare this model with the measurement of Fig. 2 . In this particular example, the test object was subjected to a short-circuit current that largely exceeded the breaker's rated value. As such, the amount of residual charge at current zero is relatively large, making it easier to observe the low-voltage phase. The model is simulated in a circuit that is similar to the one from which the measurement has been obtained.
The quantities T e , m i , and n i (0) (the initial ion density) cannot be measured with our measuring equipment, and their value has to be estimated or taken from the literature. T e is normally in the order of 2-10 eV [24] - [27] , and we assume that only copper ions are present inside the gap, so m i = 1.06 · 10 −25 kg. We assume further that the ion density decays exponentially (n i = n i (0) exp(−t/τ )).
The results from measurements on the initial ion density and its decay have also been reported frequently in the literature, with values for n i (0) in the range of 10 17 − 10 19 m −3 and values for τ ranging from 0.5 to 84 µs [6] , [7] , [9] , [28] , [29] . We take values within these ranges to match the model's results with the measured data.
The contact diameter of the VCB that we used in our investigation is 4 cm, and hence, A is 12.5 cm 2 . We assume for the simulation that T e , q i , and n i (0) are 3 eV, 1.8 · 1.6 · 10 −19 C, and 2.8 · 10 18 m −3 , respectively, and that the time constant τ for the ion decay is 20 µs. Fig. 5 presents the results, and we observe indeed a voltagezero period in the simulation that resembles the one in the measurement.
The rise of the recovery voltage entails a fast time-change in the electric field inside the ionic space-charge sheath in front of the cathode. This yields a displacement current, which has not yet been taken into account in our model so far. Hence, in the model, the current remains equal to the saturation current, whereas the measured current continues to increase for some time.
IV. POSTARC CURRENT MODEL
As explained in Section III, the voltage-zero model needs complementing, in order to take the sheath growth in front of the cathode into account. With regard to the model requirements stated in Section I, instead of modeling the complicated physical plasma-sheath processes, we use a deliberate pragmatic approach for this purpose. Contrary to the assumption in Section III, we take into account the finite size of the electrodes for the modeling of the sheath expansion but continue to approach the problem in one dimension. As the sheath grows in all directions, the plasma-sheath boundary grows, which effectively increases the cathode's area. As a result, more ions are collected at the sheath boundary, and the ion-saturation current increases. (The actual processes involved with the sheath expansion are more complicated than this, but for our model, this explanation suffices.)
For simplicity, we assume that the effective cathode area increases linearly with the voltage; thus
where c 1 [m 2 /V] is a parameter that has yet to be determined. The model assumes two components for the decay of the ion density after current zero. The first is a natural decay, assumed exponential, and the second is from the postarc current. In this way, the ion density is defined as
where τ is the time constant for the natural decay, and c 2 [m 3 ] is a parameter. i pa is considered to be positive only in (8) to ensure an ion density decay.
We use a sheath capacitance for modeling the displacement current that results from the time change of the electric field inside the sheath. The expression for the sheath capacitance is
Appendix describes how we come to (9) . By combining (2), (6), (7), and (9), we arrive at the expression for the postarc current as
When m i [from v B , (1)], q i , T e , and A are considered constant, the model requires four parameters: n i (0), τ , c 1 , and c 2 .
The model has been programmed as a function block in Matlab's SimPowerSystems. For the simulation of the breaker in an electrical circuit, we used the ode23tb solver with an absolute and relative error of 1 · 10 −5 . Fig. 6 shows the result of the simulation of the measurement in Fig. 2 . We use the same values for the parameters as in the simulation in Section III, and c 1 and c 2 are 0.5 · 10 −6 m 2 /V and 56 · 10 −6 m 3 , respectively. In the final example, the model simulates three measurements that were performed with equal test settings (same arcing time and same peak short-circuit current) but with different TRVs. Fig. 7 shows the results.
Because the three measurements were performed with equal settings, it should be expected that the plasma conditions at t = 0 were equal as well. As a consequence, the model's parameters should be the same in all three simulations. The parameters n i (0), τ , and c 2 were indeed equal (7 · 10 17 m −3 , 5 µs, and 33 · 10 −6 m 3 , respectively), but only c 1 had to be adjusted. This value was 2 · 10 −6 m 2 /V for the measurement with the steepest TRV rise, 1 · 10 −6 m 2 /V for the middle, and 0.5 · 10 −6 m 2 /V for the slowest TRV rise. Apparently, our assumed relation between the effective cathode area and the voltage in (7) is inadequate.
V. DISCUSSION
The model presented in Section IV simulates the measurements well. Nevertheless, some considerations have to be made about its assumptions and its results.
A. Initial Ion Density and Its Distribution
We started in Section III with the assumption of an initially stationary plasma, which is equally distributed along the gap. Measurements and simulation on the behavior of ions in a vacuum arc, which are found in the literature, indicate that this assumption is not valid. First, cathode spots launch ions into the plasma with velocities that are much higher than their corresponding thermal energy, and hence, instead of being stationary, ions drift toward the anode. Second, the plasma rarefies as it moves away from the cathode, and finally, additional processes introduce secondary charge inside the gap, which is not generated by a cathode spot. Such processes include the ionization of metal-vapor present inside the gap, which originates, for example, from the anode, which is heated by the bombardment of ions.
With the increase of metal-vapor arising from the anode, more ions that are launched from cathode spots collide with other particles inside the gap, hence reducing their velocity. Therefore, it could be argued that the ion velocity in the immediate proximity of the anode is determined by the ion's thermal velocity only. This justifies the assumption of a stationary plasma for the modeling of at least the low-voltage period, since in this region, the model mainly applies to the thin sheath in front of the postarc cathode.
B. Increase in the Postarc Cathode's Effective Size
Equation (6) is valid only for a double Langmuir probe with equal probe size, but with (7), we deliberately change the size of one electrode. However, by the time that this affects (6), any other function than this would have also reached the ion saturation current, and hence, we left this equation in its current form.
C. Sheath Expansion
The model can be applied for an indefinite time after current zero, because eventually, the ion density n i will be depleted, after which the postarc current remains zero. However, as the sheath grows in front of the postarc cathode, the geometry of the breaker's inside and the plasma properties should be considered while calculating the postarc current.
D. Simulated Results Compared With Measured Data
In Section V-A, some processes are described that determine the plasma density distribution at current zero. However, the final cathode spot's last position has also a strong influence on the postarc plasma properties. When this position is near the edge of the cathode, a significant amount of charge is ejected away from the contacts and disappears, e.g., by recombination at the breaker's vapor shield. If this is the case, less charge is returned to the electrical circuit by means of a postarc current, compared to the situation in which the final cathode spot's position is near the center of the cathode (see Fig. 8 ). Fig. 9 . Cumulative distribution of the measured postarc current's peak value after identical tests. The scatter is largely the result of the cathode spot's final position. The results have been obtained in the short-line fault simulation circuit described in [14] and [18] .
Since a cathode spot moves randomly across the cathode (but biased by an external magnetic field), its final position is unknown. As a result, the postarc plasma conditions are different in each measurement, which gives the postarc current a significant random component. This is clearly demonstrated in Fig. 9 .
The postarc current's scatter makes it difficult to relate the postarc properties with the arcing conditions. Therefore, integrating more postarc processes in the model would not automatically lead to better results.
E. Model Parameters
All the parameters used in the model are estimated rather than measured and have been adjusted to make the simulated results fit the measured data. Although those parameters were kept in the range of values found in the literature, it would be better to actually measure them during a test (if possible). In addition, the model becomes more plausible when its parameters n i (0), τ , c 1 , and c 2 are linked to actual physical processes.
VI. CONCLUSION
The most widely used model for simulating the VCB's interaction with an electrical circuit (Andrews and Varey) lacks a sound explanation for the voltage-zero period of up to 0.5 µs that immediately follows current interruption. This event has been predicted and measured and strongly resembles the electrical behavior of a double-Langmuir probe. When this probe's theory is applied to the VCB, its result matches the measured data well. Hence, we developed a new model starting from this theory.
Contrary to the original models, the new model takes into account the thermal velocity of charged particles instead of their drift velocity. Measured data found in the literature on thermal and drift velocities in VCBs after breaking high short-circuit currents justify this assumption for at least the initial phase of the postarc current.
Since we are mainly interested in the interaction between the breaker and the electrical circuit, the complicated physics of sheath expansion have been modeled with deliberate pragmatic assumptions. These assumptions involve the following.
1) An exponential function simulates the ion density's natural decay.
2) The postarc current accelerates the ion density's decay.
3) The cathode's effective area expands linearly with the TRV to simulate the cathodic sheath growth. 4) The displacement current, resulting from the time change of the electric field inside the cathode sheath, is simulated with the aid of a voltage-dependent sheath capacitance.
The model requires four parameters for the simulation of a postarc current. These are the ion density at current zero, the time constant for the ion density's natural decay, and two arbitrary constants, one relating the postarc current to the accelerated ion density decay and another to relate the TRV to the cathode's effective area increment.
After fitting the model's parameters, its results match the measured data well. The model is less complicated to implement; it requires less computation time, and it is more stable than the previous postarc current model. Therefore, it is a suitable alternative for modeling the breaker's postarc interaction with an electrical circuit.
APPENDIX DETERMINATION OF THE SHEATH CAPACITANCE
For the evaluation of the sheath capacitance, we follow the method used in [22, p. 440 ]. In the case that the ion energy at the plasma-sheath edge is small compared to the applied potential, the ion energy and flux conservation equations can be written as 
where v i (x) is the ion velocity inside the sheath, φ(x) is the potential (defined 0 at the plasma-sheath edge and −V at the cathode), and J 0 is the constant ion current density. Solving (11) and (12) for n i (x), we obtain
Using this in Poission's equation (d 2 φ/dx 2 = −q i n i (x)/ 0 ), we find 
where 0 is the permittivity in vacuum. Multiplying (14) with dφ/dx and integrating from the plasma-sheath edge to the cathode, we have 
where we assume dφ/dx = −E = 0 at the plasma-sheath boundary.
The sheath capacitance is written as
where Q is the charge on the cathode, V is the sheath voltage, A eff is the effective cathode area, as defined in (7), and E is the electric field at the cathode. Equation (15) 
then differentiated with respect to V and used in (16) , to find the sheath capacitance as
The current density is equal throughout the sheath, and since we assume that ions enter the sheath at Bohm velocity (1), we know J 0 from (12), and (18) can be rewritten as
where
kT e q i
1/4
A eff .
